Permanganate [Mn(VII)] chemistry oxidation of fluoroquinolone (FQ) antibiotic enrofloxacin (ENR) in water is investigated with respect to the kinetics, pH effect, buffer effect, and the evaluation of residual antibacterial activity after oxidative treatment. The degradation of ENR by Mn(VII) obeyed a secondary-order kinetics. Modern high-resolution tandem mass spectrometry coupled with high performance liquid chromatography was used to analyze the structures of degradation products. Four main oxidation products were identified at different pH values. Several influencing factors, pH value, and buffer obviously affect reaction rate and products relative abundance. Autocatalysis taking place at slightly acidic pH promotes the reaction but has no effect on the product types. A plausible oxidation pathway for enrofloxacin with Mn(VII) was proposed. The oxidation took place at the piperazine ring. Structural changes to the piperazine ring include N-dealkylation, hydroxylation, and hydrolysis. Residual antibacterial activity of the oxidative reaction solutions against nonresistant Escherichia coli reference strain DH5 is evaluated by means of quantitative bioassays. It is noticed that the oxidation products exhibited negligible antibacterial activity just when the structures of the products changed.
Introduction
Enrofloxacin (ENR), a broad spectrum antibacterial agent from the class of the fluoroquinolone (FQs), is primarily and widely used in the fields of aquiculture, livestock husbandry, and human prescription [1] . Due to the incomplete metabolic transformation in mammal, ENR residual is excreted into sewerage in its pharmacokinetic forms [2] [3] [4] . Conventional water and wastewater treatment practices are inadequate for reducing antibiotic concentrations [5] , leading to a continuous input into the aquatic environment. In China, FQs have been detected in surface water at concentrations ranging from 10 ng/L to 300 ng/L, and the highest concentration level of ENR was measured at 210 ng/L [6] . Along with the booming applications of ENR come potential risks to ecosystem balance [7] , especially the emergence of antibioticresistant bacteria, so it is of great importance to investigate the transformation of ENR in the aqueous environment [8] . A continuous input of low concentrations in WWTPs provides suitable conditions for the selective pressure toward resistant organisms [9, 10] . In addition, it was reported that more than 70% of bacteria had become sensitive against at least one antibiotic and exhibited multiple resistance patterns [11] . This may pose serious threats to the ecosystem and human health [12] . Next to resistance formation, the possible toxic effects provoked on fauna and flora are of increased concern [13, 14] . Thus, FQs are considered ubiquitous contaminants of emerging importance [15] . New treatment processes need to be developed to treat contaminated water sources and to eliminate biological activities of antibacterial compounds.
As a green and inexpensive oxidant, Mn(VII) has been widely used in water treatment for enhancing coagulation and controlling cyanotoxins and micropollutants [16] [17] [18] . In particular, Mn(VII) has been recently demonstrated to be 2 Journal of Chemistry fairly effective in treating several FQs, ciprofloxacin (CIP), difloxacin, lomefloxacin, norfloxacin, and ofloxacin [19, 20] . Although Mn(VII) reactivity with the antibiotics was lower than that reported for ozone and free chlorine, its high selectivity and stability suggests a promising oxidant for treating sensitive micropollutants in organic-rich matrices [21] .
The oxidation kinetics of ENR with Mn(VII) was investigated, and several influencing factors, solution pH value, and buffer were considered. The reaction kinetics which is highly pH-dependent can be well described by a secondorder kinetic model incorporating speciation of FQs [22] . Van Doorslaer et al. [23] found that no pH dependency was noticed in the main type of moxifloxacin (MOX) degradation products formed by heterogeneous photocatalysis; a general pathway was proposed for all pH levels in this study. Autocatalysis can take place in situ forming manganese dioxides during the Mn(VII) oxidation process [24] . Solution pH and buffer can significantly affect the reaction rate. Because the autocatalysis at slightly acidic pH can promote the reaction rate, the presence of some ligands in the buffer solutions may inhibit the reaction rate.
The reaction was initiated by adding 500 M Mn(VII) into solutions containing 10 M ENR and a certain concentration of buffer. The process was controlled by measuring the residual ENR concentration. The reaction order was determined by the slope of Ln([ENR]/[ENR] 0 ) versus the time plot. The loss of ENR followed the pseudo-first-order kinetics, when the Mn(VII) concentration was in large excess of the initial ENR concentration, indicating that reactions were first-order with respect to ENR. The pseudo-firstorder rate constants ( obs , s −1 ) determined at Mn(VII) initial concentration of 500 M, 21 ∘ C, neutral pH followed a secondorder rate law:
where [Mn(VII)] and [ENR] represent the total concentrations of Mn(VII) and ENR, respectively, and app is the apparent second order rate constant for the overall reaction (M −1 s −1 ). The app value for the reaction (1) was determined as 0.63± 0.3 M −1 s −1 , which showed no significant difference from the 0.61 ± 0.2 M −1 s −1 between Mn(VII) and CIP (a secondary amine) at neutral pH and room temperature conditions, as reported by Hu et al. [21] .
With the increasing of Mn(VII) concentration, the measured obs values increased linearly. The result of the slope of pseudo-first-order rate constant obs versus Mn(VII) initial concentration plot demonstrated that the reactions were also first-order with respect to Mn(VII). From the essentiality of the reaction, increasing Mn(VII) concentration is actually increasing the oxidant molecular numbers per unit volume, leading to the increasing effective collision probability of the target compound and the oxidant molecules, and then achieving the purpose of quickly removing the target compound and improving the reaction rate.
Previous studies showed oxidation rate constant for ENR with Mn(VII) being lower than those reported for reactions with chlorine (5. [22, [25] [26] [27] . Although Mn(VII) is less reactive with ENR than chlorine, chlorine dioxide, and ozone, its attractive characteristic of high stability, relatively low cost, and nonhalogenated property is more in line with the actual production.
Furthermore, pH value has an effect on the time profiles of the reaction products; the product peak areas could be significantly influenced by solution pH value. Linke et al. [28] found that freshwater and seawater constituents, namely, humic acids (HA), Fe(III), NO 3 − , and HA-Cl − interaction, inhibited FQs photodegradation, as they mainly acted as radiation filters and/or scavengers for reactive oxygen species. These studies shed some light on potential effect of oxidant dosage, pH value, temperature, and matrix in natural water on reaction rate constant of degradation processes. However, pH effect on Mn(VII)-ENR reaction rate has not been reported. Moreover, little information is known on the effects of reaction conditions on ENR oxidation product types and relative abundance. Studies address the Mn(VII) concentration, solution pH, and buffer effect on ENR oxidation product types and relative abundance is thus urgently required.
To date, the mechanism of oxidation by Mn(VII) is not clear and it is necessary to exclusive residual antibacterial activity of oxidation products. To evaluate the efficiency of oxidation treatment with Mn(VII), not only kinetics and process parameters are of interest, it is equally important to study the formed degradation products and residual antibacterial activity after oxidation treatment [20, 29] . Although FQs could be decomposed by chemical oxidants and photolysis; recent studies revealed that FQs were transformed without complete mineralization. To evaluate the overall efficacy of these oxidants, it is most important to study the residual antibacterial activity of oxidation products.
In this work, the reactions of the important anthropogenic contaminant ENR with aqueous Mn(VII) were studied. Detailed kinetics experiments were conducted to characterize reactions, including examining the effects of solution pH value and buffers in solutions on kinetics of Mn(VII)-ENR reactions. The main oxidation products were identified and products abundance in different reaction conditions was also compared to illuminate the effect of Mn(VII) oxidation in different conditions. Lastly, the residual antibacterial activity of the reaction solutions with neutral pH for a representative species of bacteria was examined. And the relationship between products structures and antibacterial activity was analyzed.
Materials and Methods

Reagents and Materials. Enrofloxacin was provided by
Sigma-Aldrich with >98% purity, and all other reagents employed were of reagent grade or higher in quality. Stock of ENR was prepared in methanol/H 2 O mixture (50/50 v/v) at 1 mM and stored in a 4 ∘ C freezer protected from light for a maximum of one month. Stock of sodium thiosulfate (50 mM) as a scavenger of oxidants was prepared by dissolving a certain quantity of Na 2 S 2 O 3 crystals in deionized water.
Buffers were used to control pH for consistency and renewed weekly. The required concentrations of Mn(VII) solutions were prepared by diluting stock solution with deionized water. For the antibacterial activity bioassays Luria-Bertani (LB) broth and solid mediums were used. The antibacterial activities of the samples were determined against nonresistant Escherichia coli (E. coli) reference strain DH5 .
Batch Experiments.
Batch reactors were used to measure the reaction kinetics of ENR with Mn(VII). Experiments were conducted in 40 mL screw-cap amber borosilicate glass bottles with Teflon septa, under constant stirring on a magnetic stir plate at 21 ∘ C (in triplicate). Temperature was controlled by a thermostatic water bath. Reaction solutions were maintained at constant pH with 20 mM buffer (acetate buffer for pH 4-5, phosphate buffer for pH 6-8, and borate buffer for pH 9-10). The pH difference between initial and final samples was less than 0.1. Reactions were initiated by adding 500 M Mn(VII) stock solution into the solution containing a certain concentration of ENR (10 M for kinetics experiment and 250 M for observation of pH effect on product types and distributions) and 20 mM of buffer. Sample aliquots were collected periodically and immediately quenched by adding 0.1 mL of 0.2 M sodium thiosulfate, then filtered by 0.22 m synthetic fabric membrane, and analyzed by HPLC to determine residual ENR concentrations.
Buffer Effect Experiments.
Buffer effect experiments were adapted from procedures described at the batch experiments, only with higher ENR concentrations (250 M) and different buffers (barbituric acid, citric acid, sodium phosphate, potassium phosphate, and sodium pyrophosphate) to measure solution pH value at 7.0.
Products Separation
Methods. An Agilent 1200 high performance liquid chromatography (HPLC) with a DAD was employed to separate the residual ENR and the oxidation products obtained from the batch experiments. A volume of 20 L aliquot of the sample was injected into the HPLC running on the mobile phase of 89 : 11 (v/v) of acidified ultrapure water (0.3% acetic acid)/acetonitrile. The separation was performed using a Zorbax Extend-C18 (4.6 × 250 nm, 5 m) at the flow rate of 0.4 mL⋅min −1 and column temperature of 30 ∘ C. UV detector wavelengths were set at 280 nm. The analytes were quantified by external standard quantification procedure. The system was calibrated using standard solutions prepared in methanol at six concentration levels by serial dilutions from stock solution. The peak area versus injected amount chart was obtained as standard curve with a correlation coefficient ( 2 ) over 0.99.
Products Identification.
Reaction mixtures at given pH were prepared by the procedures described earlier. The reactions were allowed for 24 h to reach completion and then quenched by adding 0.1 mL of 0.2 M sodium thiosulfate. The samples were filtered through 0.22 m glass fiber membranes before using the HPLC-HRMS/MS. The samples were stored at 4 ∘ C and used within two days. All experiments were run in duplicate, and the data were averaged. The standard deviations were usually within 5% unless otherwise noted. Agilent Technologies liquid chromatography 1200 series coupled to tandem mass spectrometer Agilent Technologies 6520 series Accurate Mass Quadrupole Time-of-Flight (HPLC-Q-TOF) were used to determine the accurate mass of the oxidation products.
2.6. Antibacterial Activity Bioassays. Quantitative bioassays were used to determine the effect of Mn(VII) treatment on the microbial growth inhibition potential of antibiotic solutions. Agar diffusion methods were performed with nonresistant E. coli reference strain DH5 to indicate the antibacterial activity variation during ENR degradation. E. coli is sensitive to some FQs and their degradation products [23] . The sensitivity of the selected E. coli reference strain to ENR was estimated by using a series of concentration of the pure substrate ENR and determined that the sensitive concentration of E. coli DH5 was 0.18 M. A stepwise dilution series of E. coli were spotted onto agar plates in triplicate and incubated on sterile LB solid medium at 30
∘ C for 24 h. The rates of survival of cells (expressed as percentages) were calculated by dividing the number of CFU of stressed cells by the number of CFU of cells before stress exposure. CFU were measured in parallel on Mn(VII)-ENR reaction solutions (solution B), ENR standard dilution (solution C), and antibiotic-free blanks (solution A). In this way the contribution of residual ENR could be distinguished from the activity of oxidation products. All growth media were sterilized by autoclaving. No extra efforts were made to exclude buffer and oxidant reduction products because preliminary experiments showed that E. coli was not sensitive to these compounds.
Results and Discussion
Effect of pH Value on Mn(VII)-ENR Reaction Rates.
Solution pH values can influence the form of the oxidant and the adsorption performance of intermediate manganese dioxide. The effect of pH on the reaction was studied at the constant Mn(VII) and ENR initial concentrations of 500 M and 10 M, respectively. And the temperature of the solutions remained 21 ∘ C. The pH values ranged from 4.0 to 10.0. Figure 1(a) shows the effects of solution pH on apparent second-order rate constant of Mn(VII) reaction with ENR. As can be seen, the pH of the solution exerted a clear influence on the reaction rate of ENR. The magnitudes of app decreased substantially as pH increased from 4.0 to 5.0, but weakly increased as pH continued increasing to 9.0 and then weakly decreased as pH increased to 10.0. The fitting curves depicted in Figure 1(a) showed that Mn(VII)-ENR reaction rates were slower under neutral and alkaline environment relative to acidic environment, and the difference between neutral and alkaline environment was not big. So acidic solution is more advantageous to Mn(VII) to remove ENR. This effect of pH is corresponding to the oxidative ability of Mn(VII). Mn(VII) has different forms in different solution pH values. The redox potential of Mn(VII) in acidic, neutral, and alkaline environment is +1.51 V, +0.588 V, and 0.564 V, respectively. The redox potential of Mn(VII) in acidic environment is nearly three times as much as in neutral or alkaline environment. Oxidation potential of Mn(VII) decreases with increasing pH value. This pH dependence of measured app is contrasted to the kinetics data of CIP oxidation by Mn(VII), reported by Hu et al. Thus, it may be concluded that ENR has the different oxidation process with CIP. On the other hand, the process of Mn(VII)-ENR reaction accumulated manganese dioxide, leading to obvious autocatalysis. At solution pH 4.0 and 5.0, Mn(VII) generated manganese dioxide during the oxidation process. The surface catalyzation of manganese dioxide promoted the degradation of ENR. The mechanism of manganese dioxide catalyze Mn(VII) oxidation degradation of organic matters is similar to manganese dioxide oxidation separately [30] . Organic matters are first absorbed to the surface of manganese dioxide, forming the surface complexes. Then electron transfer between the surface complexes and Mn(VII) takes place, while, in the process of manganese oxidation separately, intramolecular electron transfer takes place between surface complexes themselves. Jiang et al. [24] employed Mn(VII) to oxidate triclosan, phenol, and 2,4-dichlorophenol, confirmed the loss of the target compounds displayed autocatalysis.
Effect of Buffers on Mn(VII)-ENR Reaction Rates.
To further verify the mechanism proposed above, the effect of six buffers (i.e., barbital acid, citric acid, sodium phosphate, potassium phosphate, and sodium pyrophosphate) on Mn(VII)-ENR reaction was studied. Figure 1(b) shows the effects of buffer on apparent second-order rate constant of Mn(VII) reaction with ENR. As can be seen, app showed a significant difference among different reaction systems.
From the above conclusion, Mn(VII)-ENR reaction followed a second-order rate law and the oxidant concentration kept constant, reaction rate constant , and pseudo-first-order constant obs have positive correlation, thus indicated that the reaction rate constant was affected by different buffers. The second-order rate constants of deionize water, barbituric acid, citric acid, sodium phosphate, potassium phosphate, and sodium pyrophosphate are indicated with , , , , , and , respectively. By the slopes of the fitting curves in different reaction systems we can clearly see that > > > ∼ > shows that the degree of effect on the reaction rate by buffers was increasing successively. The reaction rate of deionized water was the maximum; barbituric acids and citric acids took second place; phosphates and pyrophosphates were the least. The buffers selected in this study inhibited the reaction rate more or less. This can be explained by the change of pH value in deionized water; the initial pH value in deionized water was 7.11 and, after 30 min and 60 min, the pH values were 7.01 and 6.89, respectively, while the pH values kept constant in solutions with buffers. The presence of H + or OH − in solution may affect the ratio of the target compound ions distribution, which affects the reaction rate. What is more, the results might be also ascribed to the presence of some ligands in the buffer solutions which can occupy the oxidation points (H atoms on the N4), so that they may inhibit the reaction rate.
Reaction Scheme. The experiments conducted above
showed that solution pH values and buffers can clearly affect the reaction rate. To verify that if pH values and buffers can change the main reaction pathways, the oxidation product forms and relative abundance were analyzed. To determine the degradation products, the HPLC-MS screening of complex mixture samples were performed and followed by targeted MS/MS analysis. The accurate mass of the protonated molecular ion [M+H] + obtained from MS scan enables the molecular formula of a product. Then, structures for these products are proposed based on the molecular composition of the mother compound. Subsequently, acquired targeted MS/MS spectra data deliver confirmatory information.
Under the reaction conditions that Mn(VII) has initial concentration of 500 M, ENR initial concentration of 10 M, neutral pH and constant temperature of 21 ∘ C, and liquid chromatogram preseparated result exhibited four significant peaks directing four dominant products transformed. With the retention time extending, the molecular ions of m/z are 362.1515 (E3), 334.1568 (E2), 332.1410 (E1/CIP), and 376.1672 (E4), sequentially. The probable structures proposed for the main products are provided in Figure 2 .
When all the experiment conditions remained the same, only with the solution pH values changed, the concentration of residual ENR, the oxidation product structures, and the abundance of the oxidation products were analyzed by HPLC with a DAD. No pH dependency is noticed in the main type of oxidation products formed; the reaction pathway proposed below can be acknowledged as a general pathway for all pH levels. Nevertheless a pH effect on the abundance of products was observed in the complete reaction solutions. The relative abundance of the identified compounds in the liquid phase as a function of pH, in terms of maximum peak area observed during oxidation process, is presented in Figure 3 . Among the investigated pH levels, residual ENR showed the highest occurrence at neutral conditions and the lowest occurrence at deionized water without pH adjustment, which was corresponding to the result of the kinetics experiment. Deionized water with pH 7.0
Deionized water with pH 9.0 Deionized water without pH adjustment Natural water without pH adjustment Phosphate buffer in solutions at neutral conditions might also play a part because phosphate can inhibit the reaction rate. There was little difference in terms of the evolvement trends of the four main products in deionized and natural water, but clearly different from the deionized water with pH 7.0, which Journal of Chemistry indicates that buffers can affect ENR oxidation products relative to abundance in solutions. Besides, the main products kept the same indicate that autocatalysis at slightly acidic pH just influence the reaction rate but have no effect on reaction pathway and product generation. Product E1/CIP abundance was lower at pH 7.0, while nearly flat at other pH values. Product E2 abundance was highest at alkaline condition and lowest at acidic condition, while products E3 and E4 were just the opposite. This may attribute to the product structures formed by the N-dealkylation, C-hydroxylation, and amine oxides. The ratio of E2 was always in the majority among these four main products except at pH 5.0. A possible reason for this difference could be the influence of pH on the reaction speeds in the pathway favoring specific reactions or slowing down others, creating "bottle-necks. " According to the conclusion mentioned above, general plausible reaction pathways for all pH levels were proposed. The reactions mainly occurred on the piperazine ring and the core FQ structure remains intact in all the products identified. There are three principal Mn(VII) reaction pathways in Mn(VII)-ENR reaction. As shown in Figure 2 , the oxidation of the piperazine resulted in N-dealkylation (pathway I and II), C-hydroxylation (pathway III), and amine oxides (pathway IV). The initiation step of Mn(VII)-ENR reactions is proposed to be the oxidative formation of an enamine (E2) from the aromatic amine group; as reported by Rawalay and Shechter [31] , E2 can then be transformed by multiple parallel reactions to produce a series of products through either hydrolysis or further Mn(VII) oxidation of the newly formed C=C double bonds [32, 33] . The partially dealkylated product E1 is formed when E2 undergoes two consecutive hydrolysis steps. Collectively, the identified reaction products indicate that Mn(VII) reactions alter the piperazine substituent but leave the core fluoroquinolone group intact, so it is unclear how oxidation by Mn(VII) will affect the antibacterial activity of ENR solutions.
Residual Antibacterial Activity.
As shown above, ENR can be oxidized easily by Mn(VII), and all the products identified retain the quinolone core, which has significant relationship with antibacterial activities [34] . The degraded ENR solution (solution B) was compared with a proper dilution (solution C) of the original compound, in order to elucidate the bacterial growth inhibition potential of Mn(VII)-ENR reaction products. The antibacterial activity evolvement of ENR during the oxidation was assayed at pH 7.0. Solution B and solution C have a similar antibacterial activity evolvement trend; until 100 min, they all reached to the level of solution A and displayed no inhibition against E. coli DH5 . The result of bioassay is shown in Table 1 .
Therefore, the residual antibacterial activity of the Mn(VII)-treated solutions (solution B) is mostly correlated well with the residual amount of parent compound in solution in the case Mn(VII) excess. This indicates that the mixture degradation products oxidized by excess Mn(VII) contribute ignorable antibacterial activity against E. coli DH5 comparing to the parent antibiotic. According to a widely accepted model for FQs-DNA cooperative binding in the inhibition of DNA gyrase, the quinolone core which contains a carboxyl and keto group is of key importance for antibacterial activity [34] , as shown in Figure 4 . However, the product mixture remaining in the quinolone structure is observed leading to deactivation. This is because the piperazine substituent may have the function that can bind with the DNA topoisomerase enzymes; the modification on this moiety highly influences FQs antibacterial activity [1] . The transformation and/or degradation of the piperazine substituent can significantly diminish the antibacterial activity, in spite of the quinolone core keep intact. From the mass spectrum data, we can find that all the products, except E1/CIP, occurred during the transformation and/or degradation of the piperazine substituent, which is corresponding to Paul's conclusion.
These findings are notable because with the general reaction pathway, the main oxidation products generated at various reaction conditions are the same. So the antibacterial activity of the Mn(VII)-reacted solutions is mainly subject to the concentration of residual parent antibiotic. Considering that Mn(VII)-ENR reaction rates were faster under acidic environment under neutral or alkaline environment, there is no big difference between neutral and alkaline environment. Moreover, buffers also have inhibition on the reaction rate. So the residual ENR concentrations at other pH or without pH adjustment are far lower than at pH 7.0, so we can deem that the antibacterial activity is eliminated at various reaction conditions.
Conclusions
This study has demonstrated that the important anthropogenic contaminant ENR can be transformed by Mn(VII) to other like-quinolones products, and the degradation of ENR by Mn(VII) obeyed a secondary-order kinetics. Solution pH value and buffers can affect the reaction rates and the oxidation products relative abundance but have no effect on products types. The process of Mn(VII)-ENR reaction accumulated manganese dioxide, leading to obvious autocatalysis at slightly acidic pH. Mn(VII)-ENR reaction rates were faster under acidic environment than under neutral or alkaline environment. And the reaction rate was observably influenced by buffers, especially phosphate and pyrophosphate buffers. A plausible oxidation pathway for enrofloxacin Journal of Chemistry with Mn(VII) was proposed. The oxidation took place at the piperazine ring. Structural changes to the piperazine ring include N-dealkylation, hydroxylation, and hydrolysis. Four main oxidation products were identified at different reaction conditions. These products expect CIP exhibit little antibacterial activity on E. coli DH5 , suggesting the structures of degradation products and reactivity pathways significant correlation with antibacterial activity. So the antibacterial activity can be eliminated at various reaction conditions. These conclusions can be used to estimate antibacterial activity for many practical engineering conditions.
